Determination of V(IV) based on its catalytic effect on the reaction between Methyl Orange and bromate in the presence of citric acid was studied. The calibration curve obtained by fixed-time method was linear in the range of 2.5 -300 ng ml -1 . By use of slope method, a calibration curve containing two linear portions were obtained. Using fixed-time and slope methods, we obtained detection limits of 0.8 and 1.5 ng ml -1 , respectively. Fe 2+ , As(III), V(V) and Hg 2+ interfered. The method was successful for analysis of water samples.
Introduction
Vanadium is a biologically essential element. 1 Its inclusion in enzymes such as bromoperoxide and nitrogenase reveals the importance of its redox chemistry. A number of model complex systems have been investigated in order to elucidate vanadium redox mechanisms. Some tunicate fish and marine animals selectively accumulate vanadium species from the ocean. Vanadium complexes, including organovanadium compound, exist in a variety of configurations depending on their oxidation states and coordination numbers. 2 Vanadium in trace amounts is an essential element for cell growth at µg dm -3 levels, but can be toxic at higher concentrations. 3 The toxicity of vanadium is dependent on its oxidation state, 4 with vanadium(V) being more toxic than vanadium(IV). Vanadium pentoxide dust and fumes are strong respiratory irritants, owing to their capacity to lessen the viability of alveolar macrophages, which play an important role in the lung defense against environmental contaminants. The threshold limit values (TLV) for V2O5 dust and fumes are 0.5 and 0.05 mg cm -3 , respectively. 5 Vanadium is widely distributed in nature in ores, clays, hard coal, igneous rock, limestones, sandstones, and fossil fuel, but not in appreciable amount in high silicon rocks. It is emitted into the environment through the combustion of fossil fuels. A variety of methods have been used for determination of vanadium; these include colorimetry, [5] [6] [7] fluorometry, 8, 9 voltammetry, 10 potentiometry, 11 gas chromatography, 12 neutron activation analysis, 13,14 X-ray fluorescence spectrometry, 15 emission spectroscopy 16 and atomic absorption spectroscopy. 17 In our previous paper, 18 simultaneous determination of V(IV) and Fe(II) by using neural networks procedure had been reported. It was found that the accuracies were poor for determination of V(IV) in the low level of 80 and 50 ng ml -1 in synthetic and real samples, respectively. To improve accuracy as well as sensitivity, in the present paper, the catalytic effect of V(IV) on the oxidation reaction between Methyl Orange and bromate was used to determine V(IV) concentration in ultratrace levels, since it is reported to be the unstable form of the element in the environment. 19 
Experimental

Reagents and chemicals
A 1000 µg ml -1 stock solution of V(IV) was prepared by dissolving 0.2393 g of VOSO4·4H2O (Merck) in water acidified with 2 ml H2SO4 (conc.) and diluted to 100 ml. A stock solution of Methyl Orange was prepared by dissolving 0.1202 g of Methyl Orange (Fluka) in water and diluting to 500.0 ml. Potassium bromate solution (0.1 M) was prepared by dissolving 1.6702 g of KBrO3 (Merck) in water in a 100-ml volumetric flask. Citric acid solution with a concentration of 1.0 M was prepared by dissolving 19.21 g of citric acid (Merck) in water diluted to 100 ml. Phosphoric acid solution (3 M) was prepared by diluting the appropriate volume of concentrated acid (Merck) with water. Stock solutions (1000 µg ml -1 ) of interfering ions were prepared by dissolving appropriate amounts of their suitable salts in water. Triply distilled water was used throughout the study.
Apparatus
A visible spectrophotometer (Phillips, PU8875, Holland), with 10-mm cells, connected to a chromatopac (Shimadzu, CR 3, Japan) recorder was used. The temperature of the cell compartment of the spectrophotometer was thermostated (within ±0.05˚C) by circulating water from a thermostated water bath (Colora, Germany).
Procedure
Two milliliters of the test solution was mixed with 2 ml of 1.0 M citric acid, 2 ml of 3 M phosphoric acid, 2 ml of 1.0 × 10 -4 M Methyl Orange (MO) and about 1 ml of triply distilled water in a 10-ml volumetric flask. After thermostating for 15 min, at 35.0˚C, the solution was diluted with 0.5 ml of prethermostated (35.0˚C) 0.04 M-bromate ion. The solution was finally diluted with water up to the mark of the volumetric flask. After shaking, the solution was transferred into the 10-mm cell of the spectrophotometer. The variation in absorbance of MO (λmax = 507 nm) versus time (for a duration of 360 s) was started to be measured 30 s after addition of bromate ion solution. The measured kinetic parameter was "net absorbance-vs.-time", the difference between blank and sample absorbances corresponding to the same reading times. Absorbance-vs.-time at initial time was obtained for different catalyst concentrations in order to prepare a calibration graph.
Results and Discussion
For finding the optimum experimental conditions, the effects of temperature, phosphoric acid concentration, bromate concentration, ionic strength, concentration of Methyl Orange and concentration of citric acid, as an activator, on the reaction rate were studied by fixed-time method. The effects of temperature, bromate ion and Methyl Orange concentrations have already been reported. 18 Effect of inorganic acids A literature review showed that the reaction between MO and bromate ion proceeds only in a strong acidic media. The effects of different inorganic acids on the reaction rate were studied. The results showed that phosphoric acid was the best choice for the study. This observation is in agreement with the results reported in the literature. 20 A concentration of 0.6 M phosphoric acid was selected for further research, as the net signal had a higher value at this concentration of phosphoric acid.
Effect of citric acid concentration
The choice of a proper activator may greatly enhance the sensitivity of a catalytic analysis and may increase its selectivity as well. 21 The effect of some activators on determination of V(IV) by kinetic methods has been reported in the literature. 22 Citric acid is suggested as the best choice for the bromate systems.
The effect of concentration of citric acid (in the range of zero to 0.4 M) on determination of 100 ng ml -1 vanadium(IV) was investigated. The results are illustrated in Fig. 1 , which indicates that a concentration of 0.2 M citric acid could be selected as the optimum concentration for the system studied.
Effect of ionic strength
The effect of ionic strength on the reaction rate was also investigated. The ionic strength of sample solution was adjusted using different concentrations of Na2SO4 solution. The results are shown in Fig. 2 , which indicates that a better signal could be taken at lower ionic strength; therefore, no salt addition to the test solution was used for further studies. Standard addition method is suggested for analyzing vanadium(IV) in real samples.
Effect of time
The fixed-time method was used to calculate the rate of the catalyzed reaction, as a function of vanadium(IV) concentration. In order to achieve a compromise among sensitivity, linear range and detection limit, the variation in absorbance of MO was started to be measured 30 s after addition of bromate ion solution (Fig. 3) . For the slope method, measurements were made within 25 to 60 s since "absorbance-vs.-time" graph was linear (Fig. 3 ) in this period with a correlation coefficient of 0.9999.
Characteristics of the method
The calibration graphs were obtained by applying the slope and fixed-time methods. By fixed-time method, vanadium(IV) concentration under optimum conditions was varied from 0 to 600 ng ml -1 by running four replicate measurements for each concentration. The calibration graph was linear in the range of 2.5 -300 ng ml used in order to fit the best line to the points of the graph. The results showed a correlation coefficient of 0.998. A slope of 0.0025 ml/ng was obtained for the best line. By slope method, the lower and upper linear portions of this calibration curve were in the range of 2.5 -70 ng ml -1 and 70 -300 ng ml -1 of vanadium(IV), respectively. Three sets of solutions with different standard concentrations of V(IV) were analyzed under the optimum conditions by fixedtime and slope methods. The results for showing precision (RSD) and accuracy are summarized in Table 1 . By replicate analysis (n = 12) of the blank reaction, both theoretical and practical limits of detection were calculated ( Table 2 ). The practical detection limit for fixed-time method is less than the detection limit for slope method.
Interference study
To study the selectivity of the method, we undertook a systematic study of the effect of foreign ions. The results are summarized in Table 3 . This table shows that the metal cations that seriously interfere with determination of V(IV) are Fe 2+ , As(III), V(V) and Hg 2+ . The interference of Hg 2+ can be greatly diminished by addition of 0.1% EDTA solution.
The interference of Fe 2+ was removed by adding a solution of 1% sodium fluoride.
Determination of vanadium(IV) in water samples
The reliability of the method for analysis of V(IV) in real samples was checked by determination of the recovery of known amounts of vanadium spiked to various water samples (Table 4) .
Atomic absorption spectroscopy (AAS) was performed to assess the reliability of the proposed technique as well. The difference between the results of these techniques was about 0.2%, which was by far less than observed RSD for the proposed technique. Table 3 Effect of foreign ions on determinations of 50 ng ml 
